The auroral events of the year 1716 most clearly announced that the prolonged solar and auroral calm that we now call the Maunder Minimum [Eddy, 1976a] had ended. But the onset of renewed auroral activity was noted already in the previous solar cycle. In 1707 an aurora was seen in Berlin and recorded in the journal of the Berlin Academy. Curiously, in New England, which is closer to the auroral zone than is London, Paris, or Berlin, the aurora returned suddenly in 1719. Contemporary accounts put the first recorded appearance of an aurora in Italy in the 1720's. In summary, prior to the twentieth century, long-term auroral variations were well established, and their investigation was an important subject under the general heading of auroral research. However, to the extent that the aim of the investigation was to determine the law of the variability it was not particularly successful. The 11-year variation was first discovered in the sunspot data, although it was then quickly found to be presen• in the auroral data also. The attempt to determine the period of the secular variation, which had yielded such a variety of results, was not long satisfied with the answer of 55.5 years. After further collection and examination of sunspot data, Wolf finally favored a secular period of 83 years, and a roughly 80-year period was subsequently assigned to the auroral data [Schove, 1955; Gleissberg, 1965; Link, 1968] .
The aurora continued frequently to visit the populated latitudes of Europe, and doubt soon was expressed that such regular behavior could ever have been very different. In the second edition of his treatise, published in 1754, de Mairan vigorously defended the reality of significant temporal variations in the •/uroral occurrence frequency and, in particular, the reality of the auroral calm preceding 1716. Doubt on the subject vanished when the aurora again went into decline for a period of about 33 years, between 1792 and 1826, at a time when careful, routine observations of it were being made in Europe and America.
The subsequent resumption of the phenomenon in 1827 stimulated new attempts to discover empirically the law governing its long-term returns and departures. Christopher Hansteen in 1831 inferred a 95-year period in the returns of the aurora [Hansteen, 1831] the book by Hermann Fritz [Fritz, 1881] reviewed the subject thoroughly. Lovering demonstrated the close similarity between auroral variations recorded in Europe and in America. Fritz and Elias Loomis [Loomis, 1873] in the United States separately established that the variations in the frequency and intensity of the aurora conform closely to variations in solar spottedness. At this time the I 1-year sunspot cycle recently had been recognized. Fritz advocated a 55.5-year period for the secular variation, a period that Rudolf Wolf had already inferred from his collection of sunspot data, composed of five of the 11-year sunspot cycles. The English astronomer John Herschel, commenting on the importance of the work of Wolf and Fritz, noted that the secular period of 55 years suits the auroral observations better than does the period of 65 years [Herschel, 1864] . Loomis favored a period of around 58 years.
In summary, prior to the twentieth century, long-term auroral variations were well established, and their investigation was an important subject under the general heading of auroral research. However, to the extent that the aim of the investigation was to determine the law of the variability it was not particularly successful. The 11-year variation was first discovered in the sunspot data, although it was then quickly found to be presen• in the auroral data also. The attempt to determine the period of the secular variation, which had yielded such a variety of results, was not long satisfied with the answer of 55.5 years. After further collection and examination of sunspot data, Wolf finally favored a secular period of 83 years, and a roughly 80-year period was subsequently assigned to the auroral data [Schove, 1955; Gleissberg, 1965; Link, 1968] .
In addition to increasing the suggested period for the secular variation to roughly 80 years, twentieth-century research led to suggestions of variations characterized by longer periods, namely 200 years [Schove, 1955] and 400 years [Link, 1968] . Attributing to these variations the property of periodicity is, however, less warranted than in the case of the 80-year cycle. The number of events in the pre-eighteenth-century auroral record has continued to grow as the result of historical searches in the twentieth century with additions from eastern and western sources. At the present time the longest-term variations emerge as a clear signal simply by plotting the recorded auroral frequency as a function of time. There are now enough events in the aurorally rich intervals to see distinct 11-year cycles.
To appreciate the extent to which auroral variations reflect solar variations, it is useful to begin with a few post-Maunder Minimum examples, for which solar and auroral records can be compared directly.
THE POST-MAUNDER MINIMUM RECORD
Two independent attempts to demonstrate systematically the correspondence between aurora and sunspot variations are shown in Figure 1 . The top panel displays auroral data from the Scandinavian sector north of 55 ø geographic latitude. Isopleths of auroral occurrence frequency (so-called isochasms) drawn on a globe of the earth form approximate circles centered roughly on the geomagnetic poles. Auroral data are therefore often expressed in terms of latitudes referenced to the geomagnetic poles, so-called geomagnetic latitudes. In the Scandinavian sector, 55 ø geographic latitude is also approximately 55 o geomagnetic latitude. The data from which the auroral curve in the lower panel was drawn were compiled by Loomis from events recorded in both Europe and America. To exclude high-latitude data, he correctly chose a line of constant auroral occurrence frequency connecting both continents as a northern boundary to the observations. He picked the isochasm passing through the northern border of Massachusetts, which is approximately the 54 ø geomagnetic parallel. The two panels in the figure therefore nicely complement each other, giving separately the temporal behavior of the occurrence frequency of high-latitude and mid-latitude aurorae.
One sees in both panels the unmistakable tendency of the auroral curves to conform to the 11-year and secular variations in the sunspot number curves. (The two sunspot number curves are slightly different because the top panel was constructed about 70 years after the bottom one and sunspot numbers continued to be refined in the interim.) The auroral curve in the lower panel reveals the 11-year cycle more distinctly. Also, the minimum in the secular variation centered around 1810 is more pronounced in it than in either the highlatitude auroral curve or the sunspot number curve. One notices that in the low-latitude auroral curve the amplitude of the secular variation in general exceeds that of the I 1-year cycle.
The fact that the low-latitude auroral curve is smoother and its variations more distinct than the high-latitude curve might reflect an actual change in the behavior of the aurora as a function of latitude. More probably, it reflects the fact that a larger geographical area contributed to the low-latitude curve, and so it is less subject to aberrations resulting, for example, from year-to-year differences in regional cloudiness. Sensitivity of the number of aurorae recorded to regional influences probably also accounts for the fact that the auroral frequency to 1965. The two observatory data panels show results obtained from systematic, routine observations from single locations. The observatories are very nearly on the same geomagnetic latitude. The much larger number of aurorae recorded at Yerkes Observatory is probably a consequence of the fact that the view northward from that site is uncontaminated by city lights, whereas Blue Hill Observatory is a few miles south of Boston. An eclectic catalog of unspecified sources of aurorae in Germany was used to construct the bottom data panel. It probably approximates more closely the usual type of catalog of past aurorae compiled from many sources.
Given only a single auroral data panel, one would see a suggestion of an 1 l-year cycle but be left in doubt about its permanence and stability. This is true even for the Yerkes Observatory record, which is certainly the best of the three, but the evidence for the first cycle and the last two cycles would not convince a critic who doubted the reality of a claimed persistent cycle. All three data records are needed to see that the cycle is in fact continuous.
In summary, both the 11-year cycle and the secular variation are detectable in time plots of auroral occurrence frequency. The occurrence frequency of aurorac seen south of 54 ø geomagnetic latitude appears to be more sensitive to the secular variation than the sunspot number itself. The solar-related time variations can be seen in data records from favorably located sites and countries, such as Yerkes Observatory and Norway, but more generally, regional influences will degrade the signal. The signal tends to improve with the size of the region contributing to it. Also, it is apparent from Figure 2 that a signal cannot be perceived over an interval in a record if the average auroral occurrence frequency in that interval falls below a certain number.
THE MAUNDER MINIMUM IN THE AURORAL RECORD
The imprint left by the Maunder Minimum in the auroral record has been described many times since the original articles appeared announcing the resumption of auroral activity in 1707 and 1716. [Eddy, 1976a] . Also, the early colonial auroral record has again been resurveyed and discussed [Mendillo and Keady, 1976; Eather, 1980] . Except for the articles by Eddy the evidence advanced is anecdotal in form. The argument proceeds by comparing statements about auroral frequency, brilliance, and animation made by observers before, during, and after the interval in question. To complete the argument, the competence, veracity, and interest of the observers are established. To this reviewer the reality of the claimed interval of auroral calm has been effectively proven in this way, and the important next step is to quantify its duration and amplitude for comparison 
, halos and rainbows). The chapter on fiery meteors includes descriptions of homogeneous bands and rayed arcs (modern terminology).
It is evident that the paucity of auroral reports during the Maunder Minimum does not reflect a lack of a familiar precedent. All of the early reports after the resumption of displays referred to Gassendi's account. Nor does it reflect a lack of available descriptive categories, although it is true that by the time of the resumption the available categories seemed oldfashioned and new ones were soon invented. Also, bear in mind that the Maunder Minimum occurred at a time of rapidly growing scientific curiosity about natural phenomena and at a time when the means had been established for simply publishing such a thing as an auroral observation. The flood of published auroral accounts following 1716 is a measure of the level to which general scientific interest and the accessibility of publication outlets had risen by the time of the resumption.
The evidence related above refers to latitudes below 55 ø and thus to the region that we have seen is particularly sensitive to the secular variation. To obtain a truer sounding of the depth of auroral minimum, data from latitudes closer to the auroral zone must be examined. Unfortunately, the informa- •'•',, i, Greenland •,,,,• ,•,,•,, ,• In his book on the aurora, published 8 years after the catalog, Fritz identified specific features in the secular variation.
The sixth, tenth, twelfth, and sixteenth centuries he described as being aurorally rich and the seventh, eleventh, thirteenth, fifteenth, and seventeenth centuries as being aurorally deficient. As will be seen below, these designations are preserved with few changes in the most recent compilations. They are, however, now better resolved as temporal features and in terms of theirsrelative amplitudes.
In the present century, Schove has made additions to the record of historical aurorae. He combined these and the previous listings with Chinese records of aurorae and naked-eye sunspots to construct an impressionistic representation of the variation in the amplitude of the solar sunspot cycle from classical Greek and Roman to recent times [Schove, 1955] . To make the representation, he assigned to each 11-year solar cycle, the series of which had first to be identified, a number corresponding to the maximum annual mean sunspot number for the cycle. The assigned number was, of course, not absolutely calibrated. On the basis of the indicators of solar activity available for a given cycle the cycle was indexed on a ninepoint scale, from extremely weak to extremely strong. To this nine-point index there was a corresponding fixed scale of nine annual mean sunspot numbers, extending from 45 or less to 160 or greater. The procedure, though subjective, was nevertheless an initial step toward quantifying the historical data base. It thus allowed one to display graphically the kinds of variations underlying the conclusions on the secular variation that many investigators had made since the time of de Mairan. In comparison to the results based on pure number counts of aurorae described below, Schove's procedure had at least in principle the advantage of incorporating information on the degree of animation of the displays and on their geographical extent for the purpose of determining the general level of solar activity. However, for the advantage to have been realized fully the algorithm for converting the total amount of available information quantitatively into a suitable index would have had to have been specified.
The profile of solar activity thus derived by Schove is shown in Figure 4 The Inc profile has coarser resolution than the auroral curve. As a 'low-pass' filter it has the advantage of being sensitive mainly to the more enduring excursions of solar activity.
Five such excursions are indicated.
It is not difficult to find correspondences between the two profiles, as noted specifically in the figure. They are most evident in the more recent features. There is a decided tendency, especially in the earlier events, for a feature in the auroral profile to be older than its
•4C counterpart. This might indicate that the times of the excursions were not sufficiently compensated for the temporal sluggishness of the natural process by which variations in solar activity become encoded in the Inc record [Eddy, 1976b] .
In any event, the comparison suggests that the auroral record, particularly in its most recent, high-resolution form, could be of use in determining the proper dates to assign to specific 14C features.
In the last two decades, seven new catalogs of historical au- rorae have appeared (see Table 1 A change in the strength or the direction of the geomagnetic dipole will alter the frequency of aurorae seen within a given geographical region. The dipole strength is known from archeomagnetic data to have performed a quasi-sinusoidal oscillation with a period of roughly 8000 years, which peaked in the fifth century A.D. at a value approximately 50% greater than that at present [Cox, 1969] . It is clear that the time scale for this variation is too long to account for four significant fluctuations, including both maxima and minima, over a time span of one millennium.
The change in auroral occurrence frequency at a given site caused by a migration of the geomagnetic pole can be profound. To illustrate this, imagine the pole with the presently existing pattern of auroral isochasms rigidly attached to it to move continually and uniformly along the geographic latitude circle that runs through its present position. As the pole successively passes through the meridian and the antimeridian of the given site, maxima and minima are successively recorded in the auroral occurrence frequency. The range of the auroral occurrence frequency produced in this way depends only on the geographic latitude of the site. The change in character from a signal with a clearly defined quasi-10-year cycle to an irregular signal raises the question whether the sunspot cycle was intermittent in this interval. We have simulated signals in which the probability of occurrence of an event is proportional to the absolute value or to the square of a sine wave with an 11-year period. The simulation was performed for. situations in which the average number of events per cycle was 5, 10, 15, and 20. Wave forms composed of 3-year running sums were compiled, conforming to the procedure used to construct Figure 7 .
In the case where the occurrence probability function is proportional to the absolute value of a sine wave, more than Figure 8 gives a list of the principal expeditions that sailed during the depth of the auroral calm. Expedition reports in many cases contain auroral accounts. A systematic study of all of the data available for this event could result in a description of auroral behavior and of the auroral zone sufficient to infer in fairly specific detail the corresponding condition of solar activity.
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